Tolerance to freeze-thaw stress is an important characteristic in recent fermentation 18 processes. To gain insight into the freeze-thaw tolerance of lactic acid bacteria (LAB), we 19
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The responses of various microorganisms to environmental stress have drawn 33 attention in both fundamental (1) and applied sciences including fermentation and medical 34 sciences. In fermentation science, tolerance to environmental stress is a useful characteristic 35 of microorganisms used in fermentation such as lactic acid bacteria (LAB) and yeast (2, 3) , 36 because such tolerance can improve fermentation processes. Freeze-thaw stress has become 37 important to the more recently developed fermentation processes, as part of the efforts to 38 improve the processes of the production and preservation of fermented foods including LAB 39 (4). Freeze-thaw stress is a complex stress that can consist of dehydration, physical stressors, 40 low temperature, and/or oxidative stresses (3). 41
To the best of our knowledge, mechanisms underlying the tolerance of LAB to 42 freeze-thaw stress have not been reported. We conducted the present study to gain insight 43 into freeze-thaw stress tolerance. It is known that cryoprotectants (e.g., glycerol and 44 glutamate) improve the survivability of LAB after freeze-thaw stress (5, 6), and we thus 45 decided to screen tolerant LAB strains under the absence of cryoprotectants. 46
We used approx. 70 LAB strains as the screening resource. These strains were 47 originally isolated from fermented foods and plants in our laboratory. As a primary 48 treatments. It was necessary to performed freeze-thaw treatments twice, because significant 50 differences among the tested strains were not detected when a single freeze-thaw treatment 51 was administered. We used Lactobacillus delbrueckii subsp. bulgaricus isolated from 52 commercial yogurt as a control strain, and it showed approx. 0.1 optical density at 600 nm 53 (OD 600 ) in our experimental conditions. Among all 70 strains tested, 11 strains showed an 54 OD 600 >0.3; these 11 strains were used for the secondary screening. 55
In the secondary screening, we estimated the colony forming units (CFUs) after a 56 freeze-thaw treatment of the 11 stains selected in the primary screening (Fig. 1) . The CFUs 57 of each strain before and after the freeze-thaw treatment (Fig. 1A) revealed that before the 58 freeze-thaw treatment, the CFUs of the strains ranged from 5  10 6 to 5  10 8 . The CFU 59 value of the control strain Lb. delbrueckii subsp. bulgaricus after the freeze-thaw treatment 60 was greatly reduced (by a factor of 10 2 ). Figure 2B illustrates the survivability ratio, i.e., the 61 percentage of CFU after the freeze-thaw treatment to the CFU before treatment. The 62 survivability ratios of four strains (IR1, IR7, IR8, and IR28) were >60%. 63
We performed a taxonomic identification of the four strains based on the 16S rDNA 
